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PRAbstract

Although healthy dentin is invariably hydrated in vivo, from a perspective of examining the mechanisms of fracture in dentin, it is

interesting to consider the role of water hydration. Furthermore, it is feasible that exposure to certain polar solvents, e.g., those

found in clinical adhesives, can induce dehydration. In the present study, in vitro deformation and fracture experiments, the latter

involving a resistance-curve (R-curve) approach (i.e., toughness evolution with crack extension), were conducted in order to assess

changes in the constitutive and fracture behavior induced by three common solvents—acetone, ethanol and methanol. In addition,

nanoindentation-based experiments were performed to evaluate the deformation behavior at the level of individual collagen fibers

and ultraviolet Raman spectroscopy to evaluate changes in bonding. The results indicate a reversible effect of chemical dehydration,

with increased fracture resistance, strength, and stiffness associated with lower hydrogen bonding ability of the solvent. These results

are analyzed both in terms of intrinsic and extrinsic toughening phenomena to further understand the micromechanisms of fracture

in dentin and the specific role of water hydration.

� 2004 Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
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1. Introduction

Dentin, the mineralized tissue that makes up the bulk

of the tooth, is a hydrated bio-composite of type-I min-
eralized collagen fibers and nanocrystalline hydroxyapa-

tite in its natural state. Human dentin is typically

composed of �45vol.% of carbonated apatite mineral

(�5nm thick crystallites), and �30vol.% type-I collagen

fibrils (typically 50–100nm diameter), with an aqueous

fluid making up the remaining 25%. On the ultrastruc-

tural level, the mineral is usually distributed in two sites,
UN
C 46

47

48

49

1742-7061/$ - see front matter � 2004 Published by Elsevier Ltd. on behalf

doi:10.1016/j.actbio.2004.08.002

* Corresponding author. Tel.: +1 510 486 5798; fax: +1 510 486

4881.

E-mail address: roritchie@lbl.gov (R.O. Ritchie).
explicitly �70–75% as extrafibrillar mineral (outside the

fibrils) and the rest as intrafibriallar mineral (within the

fibrils) [1], while the collagen molecule triple helices

(roughly 280nm long) form a staggered structure within
the fibrils with a periodicity of approximately 67nm. At

a larger size scale, the most distinctive feature of the

microstructure of dentin is the distribution of cylindrical

tubules (1–2lm diameter) that run from the dentin-en-

amel junction into the soft, interior pulp [2]. A majority

(�75%) of the dentinal fluid is believed to lie within the

tubules themselves, with the rest being distributed within

the intertubular matrix [3].
Both intra- and interchain hydrogen bonding within

the triple helices has long been thought to play an

important role in forming the structure of collagen mol-
of Acta Materialia Inc.
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1 According to ASTM Standard E-399 [20], a state of plane strain is

achieved when the sample thickness is greater than 2.5 (Kc/ry)
2 i.e., the

thickness is significantly larger than the plastic or damage zone size of

�1/2p (Kc/ry)
2 where Kc is the fracture toughness and ry is the ‘‘yield’’

strength For elephant dentin, this would require samples thicknesses

greater than approximately 1–3mm to yield a plane-strain Kc value.

However, as this criterion is generally quite conservative and the

damage zone was well-contained within the specimen boundaries, it is

believed that the toughness values measured with the current test

specimens are very close to this lower-bound.

2 R.K. Nalla et al. / Acta Biomaterialia xxx (2004) xxx–xxx
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ecules, along with a highly ordered inner hydration layer

of water molecules which forms hydrogen bonds along

the peptide chains [4–8]. Additionally, water has been

shown to form hydrogen-bonded ‘‘bridges’’ which fur-

ther contribute to the structure of collagen by forming

intra- and interchain links within molecules, along with
intermolecular bridges between neighboring triple heli-

ces [9,10] which presumably contribute to the structure

and properties of the collagen fibrils.

The prime motivation for the current work is to de-

velop a mechanistic understanding of the mechanical

properties of dentin and, in particular, how these prop-

erties are influenced by microstructural modifications

which may occur from caries, sclerosis, aging and restor-
ative processes. Previously, it has been shown that the

fracture resistance of dentin is lower in the absence of

water (in vacuo) [11], suggesting that the role water

plays in forming the molecular and fibrillar structure

of collagen has an effect on the fracture properties. In

order to further the understanding of how water affects

the fracture resistance of dentin, the present study fo-

cuses on the fracture resistance of dentin where the
water has been replaced by various polar solvents. Such

behavior is of clinical interest as polar solvent-based

adhesive monomers are often used in clinical dentistry

to help achieve micromechanical retention of resin com-

posites [12]. Although direct exposure of dentin to such

solvents is quite rare, usage during the restoration proc-

ess can cause inadvertent exposure, albeit for brief peri-

ods of time.
Previous investigations using demineralized dentin

have shown that the removal of water through chemical

dehydration, i.e., by replacing it with polar solvents such

as methanol, acetone and ethanol, causes shrinkage of

the tissue [13,14]. Furthermore, measurements of the

elastic properties showed increased tensile moduli and

ultimate tensile strength (UTS) levels when demineral-

ized dentin was exposed to such solvents (as compared
to behavior in water). Such stiffening and strengthening

of dentin was attributed to increased levels of interpep-

tide hydrogen bonding between adjacent collagen fibrils

[13–15] as the collagen structure was disrupted by the

substitution of solvent for water molecules. These stud-

ies further revealed that the amount of shrinkage and

the increase in modulus and tensile strength (UTS) were

inversely proportional to the hydrogen bonding ability
of the solvent, as measured by the Hansen solubility

parameter (HSP) for hydrogen bonding, dH [16]. Water,

on the other hand, with a relatively high dH value as

compared to the polar solvents, ‘‘plasticized’’ collagen

by breaking the interpeptide bonds, leading to a lower

modulus and strength [13].

While effects of dehydration by anhydrous solvents

on the tensile properties of demineralized dentin have
been investigated, it is likely that these changes will also

influence the fracture behavior of the natural, mineral-
OF

ized tissue; indeed, previous studies have indicated a

critical role of water in determining the fracture resist-

ance of dentin [11,17]. Consequently, the present study

aims to investigate the fracture toughness behavior of

dentin dehydrated chemically using three common polar

solvents—acetone, methanol and ethanol, using a resist-
ance-curve (R-curve) fracture mechanics approach. An

R-curve approach is used to permit distinction between

intrinsic toughening mechanisms, which affect crack ini-

tiation, and extrinsic mechanisms, which affect subse-

quent crack growth, the later mechanisms in dentin

being largely associated with crack bridging [11,18]. In

addition, the effects on the elastic properties at the mac-

roscopic and the microscopic (fibrillar) levels are exam-
ined, and UV Raman spectroscopy is used to provide

evidence that changes in collagen bonding are induced

by the solvents.
CT
ED

PR2. Experimental procedures

2.1. Materials

Recently harvested fractured shards of elephant tusk

taken from an adult male elephant (Loxodonta africana)

were examined in this study; the bulk of this material is

composed of dentin. The characteristic feature of ele-

phant tusk dentin is the tubules that run through a ma-

trix formed by the mineralized collagen fibers. Although

extensive microstructural studies on elephant dentin
have not been performed, its microstructure is similar

to human dentin, although the dentinal tubules have a

slightly larger diameter [19]. Our own observations indi-

cated that the tubules are more elliptical in shape and

the peritubular cuffs are much smaller or non-existent,

although the tubule density (based on metallographic

and synchrotron X-ray computed tomographic (SRCT)

observations) and mineral content (based on SRCT
observations) appear to be similar to human dentin.

To measure the toughness, nine (N = 9) compact-ten-

sion, C(T), specimens, were machined from the shards

with specimen thicknesses of B � 1.2–3.1mm, widths of

W � 13–17.8mm and initial notch lengths of a0 � 3.1–

5.4mm. 1 The samples were oriented such that the nomi-

nal crack growth direction was perpendicular to the long

axis of the tubules and the crack plane was in the plane of
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the tubules, as in our previous studies [11,18]. The speci-

mens were polished to a 1200 grit finish, followed by pol-

ishing steps using a 1lmalumina suspension and finally a

0.05m alumina suspension. The notch was introduced

with a slow-speed (�100rpm) saw (TechCut II, Allied

High Tech Products, Inc., Rancho Dominguez, CA). Fi-
nally, to permit easier initiation of a fatigue pre-crack,

the machined notch was sharpened to a root radius of

�15lm using a razor-micronotching technique (micro-

notch depth � 100lm); the latter was achieved by repeat-
edly sliding a razor blade over the saw-cut notch using a

custom-made rig,while irrigatingwith1lmdiamond slur-

ry. The specimens were then randomly divided into three

groups.Each groupwas dehydratedprior to actual testing
by soaking in a solvent (acetone, ethanol ormethanol) for

�24h at room temperature. The laboratory-grade sol-

vents were obtained from two commercial vendors (meth-

anol and ethanol/anhydrous alcohol from Mallinckrodt

Baker Inc., Paris,KY; acetone fromBurdickandJackson,

Muskegon, MI). The residual water content was 0.1%,

0.5%and0.25% inmethanol, ethanol and acetone, respec-

tively, according to themanufacturers� specifications. The
corresponding Hansen solubility parameters, dH, were
obtained from Hansen�s handbook [16].

2.2. Mechanical testing

2.2.1. Resistance-curve testing

R-curves on samples saturated with the various sol-

vents were measured in ambient air (25 �C, 20–40% rel-
ative humidity) to evaluate the resistance to fracture in

terms of the stress intensity, K, as a function of crack

extension, Da. The C(T) specimens were loaded in dis-

placement control at a rate of �0.015mm/s using stand-
ard servo-hydraulic testing machines (MTS 810, MTS

Systems Corp., Eden Prairie, MN) until the onset of

cracking, which was determined by an initial drop in

load. At this point, the sample was unloaded by 10–
20% of the peak load to record the sample compliance

at the new crack length. This process was repeated at

regular intervals until the end of the test, at which point

the compliance and loading data were analyzed to deter-

mine fracture resistance, KR as a function of Da. Crack
lengths, a, were calculated from the load-line compli-

ance data (measured using a linear variable-displace-

ment transducer (LVDT) in the load frame) obtained
during the test using standard C(T) load-line compliance

calibrations [21]: 2
UN
C 239

240

241

242

243

2 The use of elastic compliance is a widely used technique in

fracture mechanics testing to accurately measure crack length. The

calibrations which relate compliance to crack length are valid for

isotropic and anisotropic linear-elastic solids [21] and have been

utilized successfully for numerous materials including dentin and bone

[11,18].
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a=W ¼ 1:0002� 4:0632U þ 11:242U 2 � 106:04U 3

þ 464:33U 4 � 650:68U 5; ð1Þ

where U is a fitting function written as

U ¼ 1

ðFCÞ1=2 þ 1
: ð2Þ

C is the sample compliance and F is a calibration con-

stant, taken to be that which gives the best agreement

between the initial compliance and optically measured

crack length at the beginning of the test. Due to crack

bridging, errors can occur in the compliance-crack

length measurements. Consequently, re-calibration to
the actual crack length was performed periodically using

optical microscopy (Olympus STM-UM measuring

microscope, Olympus America Inc., Melville, NY;

0.5lm resolution) to validate the measured crack

lengths. Any discrepancies between the compliance

and optically measured crack length were then corrected

by assuming that the error accumulated linearly with

crack extension over the growth interval; such a piece-
wise linear correction was performed over the extent

of each test to account for the fact that most of the

bridging developed in the early stages of the R-curve.

During the R-curve experiments, the samples were

continuously irrigated with the corresponding solvent.

The resulting KR(Da) data were analyzed statistically

using the non-parametric Kruskal–Wallis test, and were

also subjected to regression analysis and Spearman non-
parametric correlation against the Hansen parameter for

hydrogen bonding, dH. The crack paths were examined

after testing using optical microscopy and scanning elec-

tron microscopy (after coating with a gold–palladium

alloy).

2.2.2. ‘‘Dehydrated/rehydrated/dehydrated’’ testing

Further ‘‘dehydrated/rehydrated/dehydrated’’ testing
was performed on two specimens from each group (pre-

viously used for R-curve testing), wherein an R-curve

test was initiated in one solvent (first ‘‘dehydrated’’

step), interrupted after some crack extension, and dried

out in ambient air for �24h (to remove the solvent

used). The samples were then rehydrated in Hanks� Bal-
anced Salt Solution (HBSS) for �24h and tested while

being continuously irrigated with HBSS (‘‘rehydrated’’
step). After some crack extension, the samples were

again dried out in ambient air for �24h (to remove

water), dehydrated for �24h in the same solvent as ear-

lier and tested while being continuously irrigated with

that solvent (second ‘‘dehydrated’’ step). These experi-

ments were conducted for the purpose of understanding

the change in fracture resistance with chemical hydra-

tion/dehydration.
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3 The reduced elastic modulus, E� is given by E� ¼ ð1�m2s Þ
Es

þ
h

ð1�m2
i
Þ

Ei

i�1
, where Es and Ei and ms and mi are the elastic moduli and

Poisson�s ratios of the specimen and the indenter, respectively. Since

the elastic modulus of the specimen is significantly lower than that of

the diamond indenter (Ei !1), this reduces to E� 
 ð1�m2s Þ
Es

h i�1
.
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2.2.3. Deformation behavior testing

To assess whether any changes in the fracture proper-

ties are reflective of changes in the deformation behavior

(elastic and yielding properties), three-point bending

strength tests were conducted. Specifically, unnotched,

nominally flaw-free, beams of elephant dentin roughly
1.55–1.75 · 2.8–3.0 · 20mm were sectioned (orientation

same as for R-curve testing) from the fractured shards

and polished as described previously. These beams were

then soaked in one of the three solvents and in HBSS

(N = 3 each) for �24h at room temperature prior to ac-

tual testing. The mechanical testing involved loading the

beams to failure at a rate of �0.015mm/s under three-
point bending (center-to-end loading span = 7.62mm)
using a standard servo-hydraulic testing machine

(MTS 810, MTS Systems Corp., Eden Prairie, MN),

while the loads (from the force transducer) and the

load-line displacements (from the LVDT) were continu-

ously monitored. The load-displacement data thus ob-

tained were analyzed to assess differences in the

deformation behavior in terms of the initial stiffness

(reflective of Young�s modulus) and ultimate (bending)
strength.

2.3. Nanomechanical testing

To evaluate the elastic properties at the fibrillar level,

‘‘hydrated/dehydrated/rehydrated’’ experiments were

performed. Small polished blocks of elephant dentin

(�3 · 3 · 3mm) were used for this purpose. These den-
tin samples were partially decalcified in 10% citric acid

for 15s, carefully rinsed with HBSS and then stored

(short-term) in HBSS until actual testing. This proce-

dure removes extrafibrillar mineral to a depth of

�750nm [22] and thus, provides a surface layer, roughly

1lm thick, of collagen fibril network (with the interfi-

brillar mineral almost intact), on the top of a smooth

mineralized dentin substrate.
Nanoindentation tests were performed using an

atomic force microscope, AFM (Nanoscope III, Veeco,

Santa Barbara, CA), to which a force–displacement

transducer (Triboscope Micromechanical Test Instru-

ment, Hysitron Inc., Minneapolis, MN) was attached.

A tungsten rod, 5mm in length, with a diamond inden-

ter (radius of curvature = 100lm to sample several fi-

bers and get an average value for the network)
attached to it, was fitted to the transducer. The whole

sample, diamond tip, and a portion of the tungsten

rod were immersed in solvent during the tests. For elas-

tic modulus determination (AFM in static mode), the

loading curve involved engaging the indenter with the

surface of the specimen, loading to a specific maximum

load (40–100lN) in 1.5 s, holding at the maximum load

for 1.5s, and then unloading at the same rate as the
loading. Lower loads were used to limit the displace-

ment under 500nm to avoid non-linearity in the trans-
CT
ED
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ducer response. The unloading load–displacement data

thus obtained were used to determine the elastic modu-

lus based on classical indentation theory introduced by

Boussing (reviewed in Ref. [23]), simplified by Sneddon

[24], and generalized by Pharr et al. [25]. According to

this theory, a material experiences elastic recovery dur-
ing the first 25% of unloading phase of the unloading

portion of the load–displacement curve. The slope of

the unloading curve close to maximum load provides a

measure of the stiffness of the material, from which

the reduced 3 elastic modulus can be determined if the

tip geometry is defined [26]. Such measurements were

made initially in HBSS, followed by a dehydrating sol-

vent (acetone and ethanol were used), and finally after
rehydrating with HBSS; nanoindentation was per-

formed on three different samples for each group (water,

acetone and ethanol), with ten individual load–displace-

ment measurements being made on each sample. The

modulus data for the collagen fiber network thus ob-

tained were averaged to obtain mean values of the

moduli.

2.4. UV Raman spectroscopy

Finally, to qualitatively evaluate whether the bonding

within the collagen changes upon dehydration, Raman

spectroscopy was performed. To avoid fluorescence

interference and to resonantly enhance the organic sig-

nal with respect to that from the inorganic matrix, exci-

tation in the deep ultraviolet was used. A continuous
wave (cw) intracavity doubled, argon ion laser operating

at 244nm was used as the excitation source. The laser

power at the sample was kept below 5mW, and a cus-

tom-made rotating (�45rpm) stage was used to avoid

laser damage to the organic component. The laser was

focused on the sample with an f/4 100mm fused silica

lens. Back-scattered light was collected with the same

lens, collimated, and directed to the entrance slit of a
UV-optimized triple spectrometer. Spectra were col-

lected with a back-thinned CCD camera. Two specimens

from each group (acetone, ethanol, methanol and

HBSS) were randomly chosen for these experiments.

Ten frames of 10s exposure each were collected from

each sample; comparison of the first and last frames

from each set confirmed the sample stability under laser

illumination. The spectral post processing procedure
used was as follows: (1) averaging of the 10 frames

and cosmic ray removal; (2) subtraction of a linear back-

ground obtained from the signal at 500 and 2000cm�1,
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pected; (3) nine-point running averaging smoothing

and normalization to the height of the CH2 wag peak

at 1450cm�1. The position and normalized height of

the amide peaks (which are reflective of conformation

of the organic matrix [27]) vs. the solvent dH were then
evaluated using simple regression analysis.
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3. Results

3.1. Resistance-curve behavior

Load–displacement data obtained during the R-curve
tests were analyzed to evaluate the resistance to fracture

in terms of the stress intensity, K, as a function of crack

extension, Da; the resulting R-curves for the chemically

dehydrated dentin for all three test groups (acetone, eth-

anol, methanol) are shown in Fig. 1. Also included are

data (N = 5) for hydrated elephant dentin (tested in

HBSS) from a previous study [11]. Cracks can be seen

to grow subcritically for crack extensions of �4–5mm
(except for one of the specimens of the acetone group)

prior to the conclusion of the tests. All the R-curves

showed a linearly rising behavior initially, followed by

a flat ‘‘plateau’’, similar in appearance to that previously

reported for similar tests in HBSS [11]. The extent of

crack growth (�4–5mm) was chosen such that the

majority of samples had reached the ‘‘plateau’’ tough-

ness, after which the fracture resistance was observed
to be essentially constant.
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Fig. 1. Fracture resistance of dentin for chemically dehydrated dentin

tested in acetone, ethanol and methanol expressed in terms of

resistance curves. Data for hydrated dentin (dotted lines) are shown

from a previous study [11].
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The general trend shown by these data is that the

fracture toughness is progressively increased in dentin

chemical dehydrated with the solvents methanol, etha-

nol and acetone, all compared to HBSS hydrated dentin.

This trend is seen with both crack-initiation and crack-

growth toughness. Specifically, values of the crack-initi-
ation toughness, K0 obtained by extrapolating a linear

fit to the initial rising part of the R-curve to the point

of zero crack extension (Da = 0), were, respectively,

(mean ± SD) 1.95 ± 0.01, 2.16 ± 0.16 and 2.74 ±

0.22MPa
p
m for methanol, ethanol and acetone. All

of these values are higher than the 1.88 ± 0.40MPa
p
m

reported for the HBSS hydrated specimens in our previ-

ous study using dentin from the same elephant [11]. The
Kruskal–Wallis statistical test revealed that differences

in the K0 data were significant (p = 0.04). With respect

to crack-growth toughness, the initial slope of the R-

curves can be seen to be monotonically rising in all the

cases, with slopes of, respectively, 0.98 ± 0.24,

1.32 ± 0.27 and 1.43 ± 0.42MPa
p
m/mm, observed for

methanol, ethanol and acetone, as compared to

0.54 ± 0.16MPa
p
m/mm for hydrated (HBSS) dentin.

The differences in these data were also significant

(p = 0.02). Finally, all the R-curves were found to ‘‘pla-

teau’’, respectively, at 3.66 ± 0.17, 4.39 ± 0.06 and

4.41 ± 0.32MPa
p
m for methanol, ethanol and acetone,

as compared to 2.58 ± 0.45MPa
p
m for hydrated

(HBSS) dentin. These data were also significant

(p = 0.01). Post hoc multiple comparison tests were not

performed owing to the relatively small sample sizes in-
volved. Similar increases were observed in a previous

study of single-value fracture toughness values of bovine

bone by Lucksanambool et al. [28].

Fig. 2 shows the initiation, growth and ‘‘plateau’’

toughnesses as a function of the Hansen solubility

parameter for hydrogen bonding forces, dH. These plots
reveal a clear trend of decreasing fracture toughness

with increasing ability of the solvent to form hydrogen
bonds. The coefficient of determination, R2, values for

the exponential regressions shown in the plots were quite

high for the growth and plateau toughnesses (R2 = 0.49,

0.73, and 0.80 for initiation, growth and plateau tough-

ness, respectively). Spearman correlation coefficients, r,

were also relatively high (r = �0.77, �0.85 and �0.92
and the relationships were significant (p = 0.001,

<0.0001 and <0.0001) for the initiation, growth and pla-
teau toughness, respectively.

3.2. ‘‘Dehydrated/rehydrated/dehydrated’’ testing

In corresponding ‘‘dehydrated/rehydrated/dehy-

drated’’ tests shown in Fig. 3, where the degree of chem-

ical hydration for each of the three solvents was changed

during the course of the test, rehydration with HBSS
was observed to markedly lower the maximum load sus-
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Fig. 2. Variation of (a) initiation, (b) growth, and (c) plateau toughness with Hansen Solubility Parameter (HSP) for hydrogen bonding forces, dH.
The HSP for water was used for HBSS. The exponential fit for the data and the corresponding coefficient of determination, R2, are given at the top

right corner of each plot.

4 Note that the tests described in Fig. 4 are bend tests, and thus

these comparisons are made on the basis of applied loads and

displacements. For a fully quantitative assessment of the tensile

strength and stiffness of dentin in these solvents, the reader is referred
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the R-curve toughness. On subsequent dehydration, the

toughness was observed to increase back to the original
levels and the specimens were observed to behave very

much like in the first dehydrated segment of the test.

The magnitude of this effect was largest in acetone and

smallest in methanol.

3.3. Deformation and strength behavior

Typical load–displacement data for the three-point
bending tests are shown in Fig. 4 for dentin tested in ace-

tone, ethanol, methanol and HBSS for specimens of

identical 1.65 · 2.9mm cross-sectional dimensions

(which allowed for direct comparison). Additional data

for samples with slightly varied cross-sectional dimen-

sions (±0.1mm) showed the same trends, but are not

compared in Fig. 4 as sample dimensions effect the load

and displacement values. From this data, two distinctive
trends are evident—the specimen stiffness (see Fig. 4),

directly indicative of the global elastic modulus, in-

creases upon chemical dehydration, as does the tensile
strength (again, see Fig. 4). Indeed, the tensile strength

when the specimens were dehydrated with acetone is al-

most double of that measured when hydrated. Further-

more, the amount of ductility/deformation that the

dentin endured prior to fracture was reduced substan-

tially upon dehydration with acetone and ethanol.

Dehydration with methanol did not have any effect on

the ductility, though the stiffness and the ultimate
strength did increase substantially. 4
to Ref. [15].
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Fig. 3. Results of the ‘‘dehydrated/rehydrated/dehydrated’’ tests for (a) acetone, (b) ethanol, and (c) methanol expressed in terms of R-curve

behavior. Note the reduction in toughness in all three cases when exposed to water (HBSS).
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Fig. 5a shows a typical micrograph of the ultrastruc-

ture of hydrated dentin obtained by atomic force micro-

scopic imaging; attempts to image under other solvents

were not successful. The network that the collagen fibers
form can be seen from the low resolution AFM image

(left panel in Fig. 5a); the higher resolution image (right

panel in Fig. 5a) revealed the 67nm periodicity, charac-

teristic of type-I collagen [1]. These images suggest that

the demineralization treatment removed predominantly

only the extrafibrillar mineral, leaving structurally-intact

collagen fibers that can be used for AFM-based nanoin-

dentation. Fig. 5b shows typical ‘‘hydrated/dehydrated/
rehydrated’’ nanoindentation data obtained for the col-

lagen fiber network; the dehydration in this case was

performed in acetone. The elastic moduli deduced from

such load–displacement curves were �40MPa in water,

increasing to �1500MPa in acetone, and reduced back

to �30MPa upon rehydration in water. Additionally,
representative data for the dehydration portion of the

test for ethanol are also included in Fig. 5c; dehydration

with ethanol resulted in similar, fully reversible increases

in the reduced elastic moduli of individual collagen fi-

bers, with values of �1000MPa obtained (Fig. 5c).

Averaging such measured moduli gave mean (±SD) val-
ues of 100 ± 70MPa in hydrated (HBSS) dentin,

1500 ± 500MPa in acetone, 1100 ± 300MPa in ethanol,

and 70 ± 50MPa in the rehydrated (HBSS) state. In

addition, the shape of load–displacement curves suggest

that the collagen network is highly viscoelastic in water,

less so in ethanol and much less so in acetone. Indeed, a

measurable load relaxation is observed during the 1.5 s

peak hold during the indentation, which along with con-
siderable hysteresis of the loading/unloading curve eluci-

dates the viscoelastic behavior of the HBSS-hydrated

dentin. For the ethanol case, some load relaxation and

hysteresis is also seen during the indentation. Finally,

for the acetone case, there is essentially no relaxation

at the peak of the indentation, and the hysteresis is more
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limited. Further investigation of these phenomena is

currently being undertaken to develop an understanding

of viscoelasticity at the fibrillar level in collagen. 5

3.5. UV Raman spectroscopy

Fig. 6 shows typical Raman spectra for specimens

from the four groups, i.e., dentin hydrated with HBSS

and chemically-dehydrated with methanol, ethanol and

acetone. The resonance enhancement of the peaks from

the organic matrix is apparent in comparison to spectra

reported using visible excitation (e.g., [29,30]). In partic-

ular, the PO3�
4 m1 peak at 960cm

�1, which is dominant in
visible Raman and FT-Raman spectra, is of relatively

low intensity with 244nm excitation. UV excitation

leads to very distinct Raman peaks from the organic ma-

trix. Based on reported visible Raman assignments for

bone (e.g., see Ref. [29]), a compositionally similar min-

eralized tissue, three peaks can be definitively assigned

here—amide III (�1247–1258cm�1), CH2 wag

(�1448–1459cm�1) and amide I (�1625–1643cm�1).
The amide peaks, particularly amide I and amide III,

are believed to be good indicators of protein conforma-

tion because of the role of the amide moiety in cross-

linking and bonding [27]. Examination of the present
UN
C

5 The viscoelastic properties of dentin, evaluated under step-

function loading by observing the strain relaxation, suggest that the

relaxation times are substantially lower than 1s. In the present study,

the loading/unloading time periods were significantly longer, implying

that the (quasi-static) displacement rates used typically (between 30

and 270nm/s) were so low that any viscoelastic contribution would be

negligible.
RO
OF

data showed that both the height (as normalized to

the height of the relatively invariant CH2 wag peak)

and location of the amide peaks varied with solvent

group (Fig. 7). The height of both amide peaks de-

creased with increasing dH (Fig. 7a and b). The corre-

sponding R2 values for the exponential regressions,
shown in the plots, were quite high (R2 = 0.81 and

0.34 for amide I and amide III, respectively). The peak

positions moved to higher frequency with increasing sol-

vent dH (Fig. 7c and d), although the corresponding

coefficients of determination, R2, for the exponential

regressions shown in the plots were comparatively low

(R2 = 0.12 and 0.17 for amide I and amide III, respec-

tively) compared to those for the peak height. The exces-
sive scatter (and the corresponding lower R2 values) for

the frequency shift does make assessment of the data dif-

ficult; 6 however, there is a definitive shift in the peak

position to higher wave numbers when the data for the

chemically dehydrated dentin are compared as a whole

to that of hydrated dentin. These results suggest that

the protein conformation in the organic matrix (which

is �90–95% collagen) does change as a function of the
hydrogen bonding ability of the solvents.
561

562
CT
ED

4. Discussion

The R-curve fracture toughness results reported in

this study (Figs. 1–3) clearly demonstrate that the frac-

ture properties of elephant dentin are affected by the
dehydration induced by three common polar solvents

– methanol, ethanol and acetone. Furthermore, both

the intrinsic toughness, which corresponds to the initia-

tion toughness on the R-curve (Fig. 2a), as well as the

extrinsic toughness, which is related to crack bridging

[11,18] and is best measured by the crack-growth tough-

ness (Fig. 2b), are related inversely to the hydrogen

bonding ability of these solvents, as measured by the
Hansen solubility parameter for hydrogen bonding,

dH. Hansen solubility parameters have previously been

used to rank penetrating/bonding capabilities of many

common monomers and solvents used in adhesive den-

tistry (e.g., [31–35]). In addition to the contribution

from hydrogen bonding, Hansen�s semi-empirical ap-

proach included contributions from dispersive (dD)
and polar forces (dP) [16]. Regression analyses for the
toughness data vs. dD and dP, the Hansen solubility

parameters for dispersive and polar forces, respectively,

gave much lower correlation coefficients (data not in-

cluded here).
6 It should be noted that each data point in Fig. 7 is an average of

10 individual frames of 10s each. Given that the samples were on a

rotating stage, and the laser spot size was relatively large (�500lm),
sufficient sample sampling is believed to occur during the spectroscopic

measurements.
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reversible upon rehydration, and furthermore, could

be recovered again upon subsequent chemical dehydra-

tion. Increases in the stiffness and the ultimate strength

levels at the macroscopic level were also observed from
three-point bending tests (Fig. 4) similar to results previ-

ously reported for demineralized dentin [13,15]. Addi-

tionally, pico-force AFM nanoindentation

measurements indicated that this increase in stiffness at

the macroscopic level for solvents with low dH values

percolates to the ultrastructural level where individual

collagen fibrils demonstrated increased stiffness upon

chemical dehydration; again, similar to the fracture
resistance behavior, this effect was also reversible with

subsequent rehydration.

These results, both at the ultrastructural and macro-

scopic levels, are in accord with trends observed for

macroscopic tensile tests of fully demineralized dentin

[13,15]. Pashley et al. [15] report average elastic moduli

of, respectively, 11, 43 and 132GPa in water, methanol

and acetone, i.e. a 12-fold increase from water to ace-
tone. The present measurements indicate a weaker effect

with chemical dehydration of mineralized dentin; quali-

tative examination of Fig. 4 suggests that the modulus/

stiffness changes by a factor of �3 from HBSS to ace-

tone. This may be expected since the modulus of com-

posite materials are typically governed by a rule of
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mixtures, which is a volume weighted average of the

component properties. Thus, the mineral in the present

case should act to partially ‘‘shield’’ the collagen, i.e.,

taking on more of the load, making the total change

in stiffness of the mineralized dentin less pronounced.

The ultimate tensile strength showed an increase by a

factor of �2 both for mineralized (Fig. 4) and deminer-
alized dentin [15] when comparing water-based solutions

to acetone, and hence, the effect of dehydration on the

strength does not appear to be affected as strongly by

demineralization. Again, this is not surprising because

the strengths of composite materials are typically not

so dictated by the rule of mixtures (e.g., [36]).

Pashley et al. [15] have suggested that the increased

stiffness and strength of demineralized dentin exposed
to such solvents is the result of the formation of addi-

tional hydrogen bonds between adjacent collagen pep-
tide chains. In the demineralized dentin, additional

bonding is thought to cause the observed contraction

of the tissue, while providing additional strength and

stiffness [13–15]. This theory is consistent with the con-

cept that the structure of collagen is governed in part

by several factors relating to hydrogen bonding and

water, such as direct intra- and interchain hydrogen
bonding, an ordered hydration layer of water molecules

occupying hydrogen bonding sites along the collagen

molecules, and hydrogen bonded water ‘‘bridges’’ which

form both intra- and interchain links, as well as spans

between the collagen molecules [4–10]. Accordingly,

the effect of replacing water with polar solvents with

lower dH values would be expected to be twofold: (1)

the collagen structure would be disrupted, and (2) less
hydrogen bonding sites would be occupied by the weak-

er bond forming solvent. These additional, available
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hydrogen bonding sites, coupled with the disrupted col-

lagen structure, may then allow more direct hydrogen

bonding between molecules. Furthermore, owing to

the ease of breaking and re-formation of such bonds,

it would be expected that changes in the properties

should be reversible, consistent with observations in
Figs. 3 and 5b. The resulting matrix would then be stiffer

at the ultrastructural level (Fig. 5), and consequently,

also at the macroscopic level (Fig. 4) as has been demon-

strated in the present work for intact, mineralized den-

tin. An increase in direct collagen–collagen bonding

also explains the shrinkage of the collagen matrix re-

ported previously by Maciel et al. [13]. Finally, as men-

tioned in Section 3.5, changes in the vibrational
spectrum were observed (Figs. 6 and 7), that were indic-

ative of changes in the protein conformation. Such

changes in the Raman spectrum could be the result of

stronger collagen–collagen hydrogen bonding, as has

been suggested by Gupta et al. [37] who observed similar

frequency shifts for a number of pentapeptides. Further

investigation into the exact nature of these changes is

definitely warranted and is currently being undertaken.
It is possible that other mechanisms in addition to

collagen–collagen bonding are contributing to the

change in elastic properties in mineralized collagen. In

particular, a ‘‘granular medium’’ model can be invoked

to explain the observed increase in moduli with dehydra-

tion. Specifically, the architecture of normal hydrated

dentin is considered to consist of stiff, mineralized colla-

gen fibrils forming an open-celled network, which is sur-
rounded by a protective granular matrix of

nanocrystalline apatite particles (extrafibrillar mineral).

The mineralized collagen fibrils are the largest contribu-

tors to the elastic properties. Upon dehydration, the fi-

brils contract slightly due to increased collagen–

collagen hydrogen bonding (consistent with the matrix

shrinkage reported by Maciel et al. [13]), placing the

granular matrix into compression. This residual com-
pressive stress consolidates the mineral grains and forces

them into contact. We theorize that this contact, per-

haps combined with the decreasing contact compliance

from the elimination of the water, is responsible for

the measurable increase in the Young�s modulus with

drying; this is currently being investigated.

The correlation of increased fracture resistance with

decreasing Hansen solubility parameter for hydrogen
bonding, akin to that seen for strength and stiffness, sug-

gests that similar factors are contributing to the in-

creased fracture properties. Indeed, one may expect

that the intrinsic resistance to crack propagation in the

HBSS hydrated case is limited by the ability of the col-

lagen molecules to hold the tissue together, as is evi-

denced by the ‘‘pull-out’’ of collagen fibers in the

crack wake [38]. When the water is replaced by polar
solvents with lower dH values, the increased intermo-

lecular hydrogen bonding between the collagen may
CT
ED

PR
OO

then act to provide improved resistance to cracking.

As for the extrinsic, or crack-growth, toughness, this

behavior has been shown to be the result of intact

bridges of material which span the crack wake (Fig.

8), limiting crack opening and sustaining some of the ap-

plied load which would otherwise go towards crack

propagation [11,18]. By replacing water with polar sol-

vents, these bridges would become stiffer and stronger,
and accordingly further limit crack opening and sustain

higher load levels. Although the tissue behavior appears

to become more brittle in the low dH solvents, tendencies

for premature bridge breakage due to increased brittle-

ness would be offset, at least in part, by the higher

strengths of the bridges. Furthermore, because the stiff-

ness change is reversible, upon rehydration with HBSS,

the extrinsic contribution to the fracture resistance re-
turns to ‘‘normal’’ levels for the still intact bridges

(Fig. 3). Thus, it appears that hydration affects both

the intrinsic and extrinsic toughening behavior in dentin.

It is interesting to note that comparing the R-curve

results obtained here with those reported previously

for dentin dehydrated in vacuo [11], some qualitative

and quantitative differences in the fracture behavior

are observed (Fig. 9). Dentin dehydrated in vacuo
showed a lower crack-initiation toughness, K0 = 1.18

(SD = 0.20)MPa
p
m, as compared to 1.88

(SD = 0.40)MPa
p
m for the hydrated (HBSS) speci-

mens; furthermore, the slope of the R-curves for in va-

cuo dehydrated dentin was seen to be monotonically

rising over 4–6mm of crack extension and distinctly

shallower (0.26 ± 0.05MPa
p
m/mm) than for hydrated

dentin, which displayed an initially steep slope
(0.54 ± 0.16MPa

p
m/mm) followed by a ‘‘plateau’’ re-

gion. This difference in behavior was previously ration-

alized based on the observation of extensive crack

blunting, owing to plastic and viscoplastic (creep) defor-

mation processes in the vicinity of the crack tip in hy-

drated dentin, and was in contrast to dentin

dehydrated in vacuo where the cracks remained sharp

[11]. Pashley et al. [15] have reported elastic moduli of
�253MPa for dentin dried in air, substantially higher
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Fig. 9. Fracture resistance of dentin for chemically dehydrated dentin

tested in acetone, ethanol and methanol and for HBSS-hydrated dentin

(dotted lines) are shown together with similar data for dentin

dehydrated in vacuo. Data for hydrated and in vacuo dehydrated

dentin is from a previous study [11].
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than that measured in water (11MPa) and even in ace-

tone (132MPa), which would be consistent with a great-

er ease of collagen–collagen hydrogen bonding with very

little fluid intervening. However, the total elimination of

fluid also appears to prevent the plastic and viscoplastic
(creep) crack blunting deformation observed in Ref.

[11], which would lead to much higher local stresses near

the crack tip for the in vacuo case. Thus, any improved

intermolecular bonding is offset by the fact that the

greatly reduced deformability leads to higher local

crack-tip stresses, and accordingly dentin becomes

embrittled in the absence of any fluid. Indeed, in chem-

ically dehydrated dentin, crack blunting deformation
was observed (both directly using optical microscopy

and also inferred from the bilinear R-curve behavior),

making the fracture behavior more similar to the hy-

drated case than the in vacuo case, as evidenced by the

qualitatively similar appearance of the chemically dehy-

drated R-curves as compared to hydrated dentin (Fig.

1). However, further research is necessary to better

understand the viscoplastic deformation behavior in
the presence of fluid in dentin.
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5. Conclusions

Based on a study of the in vitro fracture and defor-

mation behavior of elephant dentin which has been

chemically dehydrated using various common polar sol-
vents (acetone, methanol, ethanol), the following con-

clusions can be made:
U
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1. Chemical dehydration with common anhydrous sol-

vents with decreasing hydrogen bonding ability (as

measured by the Hansen solubility parameter for

hydrogen bonding, dH) causes increases the fracture
resistance behavior of dentin, involving enhancement

to both the intrinsic (crack-initiation) and extrinsic
(crack-growth) toughness. This behavior is found to

be reversible, and is thought to be related to increased

intermolecular hydrogen bonding upon the replace-

ment of water with weaker hydrogen bond forming

solvents.

2. The increase in the intrinsic toughness was attributed

to increased hydrogen bonding causing the collagen

molecules and fibrils to be more tightly bound near
the crack tip, thereby preventing premature failure

and crack extension. This is consistent with the

enhanced three-point bending failure strengths

observed for the dentin dehydrated by polar solvents.

3. Increases in the extrinsic (crack-growth) toughness

were rationalized in terms of the increased strength

and stiffness of the uncracked bridges in the crack

wake, which again was thought to be caused by the
additional hydrogen bonding in the presence of the

polar solvents. Such strength and stiffness increases

were reversible and were confirmed through three-

point bending and nanoindentation experiments.

4. Although in its natural state, dentin is hydratedwith an

aqueous fluid, the present results give insight into how

water hydration controls the fracture properties.

Indeed, while presence of a fluid appears to be vital
to allow deformability of dentin, the high hydrogen

bonding ability of water appears to excessively ‘‘plasti-

cize’’ the collagen, as compared to other polar solvents

with lower hydrogen bonding capabilities, resulting in

lower strength, stiffness, and fracture resistance.
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